Crustaceans groom their olfactory organ, the antennules, by wiping them through a pair of mouthpart appendages. Antennular grooming behavior (AGB) can be stimulated in four different species of lobsters by at least one chemical (L-Glutamate (Glu)) found in food.
INTRODUCTION
In reptantian decapods, the antennules serve as a source of chemosensory input mediating numerous behaviors including food recognition and location (Derby and Atema, 1982; Giri and Dunham, 1999; Horner et al., 2004; Keller et al., 2003; Reeder and Ache, 1980; Steullet et al., 2001 Steullet et al., , 2002 , reception of pheromones (Gleeson, 1982) , antennular flicking (Daniel and Derby, 1991; Daniel et al., 2008) , recognition of individuals (Atema et al., 1999; Giri and Dunham, 2000; Johnson and Atema, 2005; Karavanich and Atema, 1998a) , shelter seeking (Horner et al., 2006) , agonistic interactions (Breithaupt and Eger, 2002; Horner et al., 2008a; Karavanich and Atema, 1998b; Zulandt Schneider et al., 2001 ) and antennular grooming behavior (AGB), the subject of this study (Barbato and Daniel, 1997; Schmidt and Derby, 2005; Wroblewska et al., 2002) . In AGB, the antennules are lowered and placed between the grooming pads of the third maxillipeds, paired appendages on either side of the mouth, and then wiped (Bauer, 1977; Schmidt et al., 2006) .
While AGB is observed in the absence of any apparent stimulus (Barbato and Daniel, 1997) , a number of lobster species, including Panulirus argus (Latreille, 1804) , Panulirus interruptus (Randall, 1840), Panulirus guttatus (Latreille, 1804) , and Homarus americanus Milne Edwards, 1837, exhibit chemically-mediated AGB in response to stimuli commonly found in food (Barbato and Daniel, 1997; Daniel et al., 2001) . In these studies, 14 single compounds identified as constituents of prey extracts (Carr and Derby, 1996) and as effective stimuli in behavioral and physiological studies of decapod crustaceans, were tested. Only L-glutamate (Glu) consistently elicited AGB in all four of these species, suggesting the behavior is ''narrowly tuned'' for Glu (Barbato and Daniel, 1997; Daniel et al., 2001 ). In the same study a single brachyuran species (we use the classification system of Martin and Davis (2001) throughout this paper unless otherwise noted), Callinectes sapidus (Rathbun, 1896) was tested, which exhibited no response to any of the chemical stimuli presented (Daniel et al., 2001) . Based on these results we proposed that among reptantian decapods, chemosensory activation of AGB by Glu may be the typical behavior for most macrurous taxa (defined in this study as clawed and clawless marine lobsters and freshwater crayfish) but not taxa of Meiura, i.e., hermit crabs and ''true'' crabs (Daniel et al., 2001) .
The most distal segments of the antennules consist of paired lateral and medial flagella. The distal half of the lateral flagella, the region groomed during AGB, is often referred to as the ''tuft'' region because it contains the greatest density of setae (Steullet et al., 2001) . Aesthetascs are the most prominent of the sensilla in the tuft region and have a unimodal chemosensory function. They are innervated by numerous chemosensory neurons with axons leading via the olfactory nerve to the paired olfactory lobes of the brain, the ''aesthetasc pathway'' of chemosensory processing (Sandeman and Mellon, 2002; Schmidt and Ache, 1996b; Schmidt et al., 1992) . Other setae located in the tuft region, may include asymmetric, guard and companion setae, which are bimodal -mechanosensory and chemosensory -in function (Guenther and Atema, 1998; Gleeson, 1982; Gleeson et al., 1993; Laverack, 1964) . Additional sensilla are located along the nontuft regions of the lateral flagella and the medial flagella, which also have bimodal sensory function (Cate and Derby, 2001) . The bimodal sensory neurons of the tuft and non-tuft sensilla are believed to project to the non-glomerular, bilobed neuropils of the deutocerebrum, the lateral antennular neuropil (LAN), and median antennule neuropil (MAN) the ''nonaesthetasc pathway'' of chemosensory processing (Sandeman and Mellon, 2002; Schmidt and Ache, 1996a; Schmidt and Derby, 2005; Schmidt et al., 1992) . Non-tuft sensilla include hooded, long smooth, medium smooth, and plumose sensilla (Cate and Derby, 2001) . The presence, number, and type of setae located on the antennules differ between taxa of crustaceans (Derby, 1989) .
There is a significant relationship between chemicallymediated AGB and the presence of specific sensilla on the lateral flagella. It was originally suggested, based on the results of ablation studies, that AGB was initiated by chemosensory input from the aesthetascs (Wroblewska et al., 2002) . However, more recently, Schmidt and Derby (2005) found a specific association between AGB and asymmetric setae. Selective ablation of the asymmetric setae eliminated chemically-mediated AGB. This suggests that AGB is mediated chemically by the ''non-aesthetasc pathway'' utilizing the LAN. Because the LAN is the site of cell bodies for the motor neurons innervating the antennules, it appears that there is a direct reflexive pathway between chemosensory neurons in the asymmetric setae and motor neurons driving antennular behaviors such as AGB.
In P. argus, asymmetric setae are located on the lateral edge of the tuft region of the lateral flagellum (one per annulus). Each seta is long, thin, smooth and curves and projects medially between the two rows of aesthetascs on each annulus (Gleeson et al., 1993) . There is morphological evidence of both chemosensory and mechanosensory function: the presence of 1) a terminal pore, indicating chemical access to putative chemosensory neurons, and 2) a scolopale, a tube-like supporting structure near the base of mechanosensory setae (Schmidt and Derby, 2005) . Asymmetric setae were first described in C. sapidus by Gleeson (1982) . His description is very similar to that for P. argus, but the setae are located on the medial side of the tuft region and there are about 0-4 per annulus. In addition, the asymmetric setae in C. sapidus lack a terminal pore. However, like the asymmetric setae in P. argus, the asymmetric setae in C. sapidus curve obliquely between rows of aesthetascs. Asymmetric setae have also been identified in stomatopods (Derby et al., 2003; Mead and Weatherby, 2003; Mead et al., 1999) . In this study, we define asymmetric setae as long, thin, tapered, smooth setae located exclusively on either the medial side or lateral side of the tuft region for each annulus. The setae curve and project obliquely between rows of aesthetascs. Numbers per annulus are sparse, from zero to four per annulus.
By repeatedly pulling the flagella through the dense cluster of serrate setae making up the grooming pads on the third maxilliped (Wroblewska et al., 2002) , the physical and sensory integrity of aesthetascs may be maintained through removal of food particles and preventing accumulation of epibiotic organisms. It has been observed that AGB appears to increase after feeding (Snow, 1973; Barbato, 1996) and, as described earlier, AGB can be elicited by chemical stimuli common in food detected by asymmetric setae. Furthermore, when AGB was prevented experimentally, epibiotic organisms accumulated on antennules and over the period of several weeks caused damage and loss of aesthetascs (Bauer, 1977 (Bauer, , 1978 Daniel, unpublished data) . Chemicals with putative anti-fouling and friction-reducing properties are secreted from pores of ''aethetasc tegumental glands'' found in high density near the bases of aesthetascs (Schmidt et al., 2006) . Schmidt et al. (2006) have suggested that AGB may serve to spread the secretions over the surfaces of the aesthetascs. This role of grooming may be facilitated by mechanosensory input from the asymmetric setae in response to displacement of the delicate aesthetascs due to normal movements such as flicking and grooming as well as movements created by additional stressors such as accumulating epibionts (Schmidt and Derby, 2005) . As described previously asymmetric setae show morphological evidence of mechanosensory function. Each asymmetric seta comes into close contact with a row of solely chemosensory aesthetascs thus they are well suited to monitor deflection of the aesthetascs.
In this study, we investigated eight species of Reptantia [Palinurus elephas (Fabricius, 1787) , Scyllarides aequinoctialis (Lund, 1793) , Scyllarides nodifer (Stimpson, 1866) , Enoplometopus debelius Hothuis, 1983, Procambarus clarkii (Girard, 1852) , Hemigrapsus sanguineus (de Haan 1835), and Clibanarius tricolor (Gibbes, 1850) ] and one species of Caridea [Palaemonetes pugio Holthuis, 1949 ; as an outgroup]. We used behavioral bioassays for the presence of chemically-mediated AGB in an effort to further describe the distribution of the behavior in the decapod taxa. We hypothesized, based on our previous results (Barbato and Daniel, 1997; Daniel et al., 2001) , that specimens in Palinura and Astacidea would respond exclusively to Glu while specimens in Meiura (Anomura and Brachyura) would not respond to any of the chemical stimuli. Additionally, scanning electron microscopy was used to survey the setae found on the lateral antennules of these species and Ho. americanus, tested previously for chemically-mediated AGB (Daniel et al., 2001 ). Because Schmidt and Derby's (2005) study concluded that asymmetric sensilla are necessary and sufficient in mediating AGB via chemosensory input, the existence and location of asymmetric sensilla as it relates to the presence or absence of chemically-mediated AGB for each species was of particular interest. We hypothesized that only species with asymmetric sensilla positioned laterally would exhibit chemically-mediated AGB, while species lacking asymmetric sensilla or with asymmetric setae positioned medially, e.g., as in C. sapidus (Gleeson, 1982) , would not exhibit chemically-mediated AGB. Finally, our results were placed onto a recently proposed reptantian decapod phylogeny in an effort to begin to describe evolution of these characteristics.
MATERIALS AND METHODS

Source and Maintenance of Test Species
All marine animals were held and tested in aquaria lined with crushed coral and filled with aerated recirculating Instant Ocean TM . Procambarus clarkii were held in aquaria lined with gravel and filled with aerated recirculating aged tapwater. Temperatures were maintained at levels consistent with the native environments of each species. Clibanarius tricolor, E. debelius, and P. elephas were maintained individually and tested in the same tanks. The other species, Pa. pugio, Pr. clarkii, He. sanguineus, S. aequinoctialis and S. nodifer, were maintained in groups. About five days before testing, individuals of these species were transferred to test tanks to allow acclimation. The light:dark cycle was 12:12 h. Details for each species follow.
Specimens of Cl. tricolor (N 5 16) were obtained from a local pet store. Specimens of E. debelius (N 5 11) were obtained from Marine Depot Live, Anaheim, CA. Both species were held individually and tested in 19-l tanks (25uC, practical salinity 5 35).
Palinurus elephas (N 5 10) were obtained from Cleggan Lobster Fisheries, Ltd, Cleggan County, Galway, Ireland. They were held individually and tested in 150-l tanks (20uC, practical salinity 5 35).
Hemigrapsus sanguineus (N 5 16) were collected by hand along the easternmost shores of the island referred to as Jones Beach, NY. They were held together in a 208-l tank (25uC, practical salinity 5 22). Specimens of Pa. pugio (N 5 16) were collected by net from the Peconic River, located just south of Atlantis Marineworld Aquarium, Riverhead, NY. They were held together in a 76-l tank (25uC, practical salinity 5 22). Both species were tested individually in 19-l tanks.
Procambarus clarkii (N 5 12) were obtained from Carolina Biological Supply, Burlington, NC. They were held together in a 76-l tank and tested individually in 19-l tanks (25uC).
Scyllarides spp. [S. nodifer (N 5 2), S. aequinoctialis (N 5 4)] were obtained from Keys Marine Laboratory, Long Key, FL. They were held together in a 600-l tub and tested individually in 150-l tanks (25uC, practical salinity 5 35).
Homarus americanus came from a local seafood market. Because the AGB responses of Ho. americanus had been tested in an earlier study (Daniel et al., 2001) , these specimens were used only for SEM studies and were not maintained in the laboratory.
Chemical Stimuli
For the marine species, 14 stimulus compounds were used that have been identified as constituents of prey extracts (Carr and Derby, 1986) and used in previous studies examining AGB (Barbato and Daniel, 1997; Daniel et al., 2001) 
, succinate (Suc), and taurine (Tau). Stock solutions of 10 mM were prepared in artificial seawater (ASW, Cavanaugh, 1964) with pH adjusted to 8.1, and stored at 278uC. Squid extract (SE), used as an indicator of overall responsiveness by eliciting feeding behavior, was prepared as described in Daniel et al. (2008) to make a concentration of 10 mM of solutes dissolved in ASW (Carr et al., 1996) . On the day of testing, stock solutions were thawed and diluted to 0.5 mM. ASW was used as a control stimulus.
For tests with Pr. clarkii, stimuli were selected based on their reported effectiveness in behavioral and physiological studies of crayfish (Corotto and O'Brien, 2002; Corotto et al., 2007; Hatt, 1984; Hatt and SchmiedelJakob, 1984; Tierney and Atema, 1988 ) -ammonium chloride (NH 4 ), Dglucose (Glu), Gly, pyridinecarboxamide (Pyr), maltose (Mal), nicotinamide (Nic), and trehalose (Tre) -or because the chemical was at least somewhat effective in eliciting AGB in marine decapods (Barbato and Daniel, 1997; Daniel et al., 2001 ; present study) -Ala, Asp, Glu, Gly, and Met. Chemicals were prepared in deionized water to a final concentration of 10 mM and pH was adjusted between 7.0 and 7.2. Solutions were filtered and frozen at 278uC until use. Deionized water (H 2 O) was used as a control.
Presentation of Stimuli
To simplify observations and filming, Pa. pugio, He. sanguineus, and Cl. tricolor were tethered. This was accomplished by gluing (cyanoacrylate) a small piece of Velcro to the carapace of the specimen at least one day before the experiment. Before testing, the specimen was attached to the complementary piece of Velcro attached to the base of a rigid airline tube approximately 20 cm in length. The specimen was held stationary by clamping the tube to a brace outside of the test tank. Specimens of all other species were allowed to move freely during testing. Tanks were illuminated with red light (25 W ceramic-coated light bulbs) during testing.
Five mL of stimulus or control solution was gently introduced over a 15 sec period into the tank via serological pipette in front of the test subject. For each trial, the order of stimulus presentation was randomized. The interval between presentation of stimuli was at least 10 min allowing time for behavioral recovery from introduction of the previous stimulus as well its dilution. Each stimulus, including the control stimulus, was tested three times, usually on separate consecutive days, for specimens of species which were difficult to obtain: Scyllarides spp. and P. elephas, as well as Pr. clarkii. Specimens of all other species were tested once. Responses of specimens were recorded for two min following stimulus presentation on videotape using a CCD camera sensitive to low-level illumination (LTC 035/60, Phillips) connected to a time-lapse video recorder with real-time display (SVF 124, Sony). The camera was equipped with a TV zoom lens (5-60 mm, 1:1.6, Raymax) to better visualize antennular movements, particularly for species with relatively small antennules.
Data Analysis of AGB
The number of antennular wipes over the two min observation period was counted during the experiment or from replay of videotapes. In experiments for which there were multiple presentations, the responses were averaged for each stimulus. Because data did not meet the assumptions for parametric statistical tests, a Friedman test repeated measures analysis of variance on ranks was performed on data for each species to determine whether responses differed significantly between stimuli. When statistically significant responses were found, post-hoc tests were performed that compared the response to each chemical stimulus to the response to the control stimulus (Dunn's Method). Data for the two species of Scyllarides were pooled due to low numbers. We did not observe any obvious differences between the responses of the two species.
Scanning Electron Micrography (SEM) of Antennules SEM was used to determine the presence and location of specific setae associated with the region of the antennules, particularly the asymmetric sensilla. For some specimens it was necessary to ablate guard and companion setae to expose obscured asymmetric setae. Antennules of specimens from each species were excised and preserved in 80% alcohol, dehydrated by passing through a series of alcohol baths of increasing concentrations: 85%, 90%, 95% and 100%, and then placed in a desiccator for two days. Antennules were sputter-coated (SAMDRI-795) with goldpalladium and examined with a Hitachi S-2460 N scanning electron microscope. Widths of bases of aesthetascs and asymmetric sensilla was measured using NIH Image (http://rsb.info. nih.gov/nih-image/).
Results
AGB Responses to Chemical Stimuli
All species exhibited AGB at some point during the course of the experimental observation period, but not all exhibited AGB in response to presentation of chemical stimuli (Fig. 1, video d.f. 5 15, P , 0.001), and E. debelius (X 2 5 46.1, d.f. 5 15, P , 0.001) exhibiting strong and significant responses to two to three chemical stimuli (Dunn's test for multiple comparisons versus control, P , 0.05). Cl. tricolor responded weakly but significantly to one chemical stimulus (X 2 5 50.2, d.f. 5 15, P , 0.001). Pa. pugio, (X 2 5 21.2, d.f. 5 15, P 5 .13), Procambarus clarkii (X 2 5 12.2, d.f. 5 11, P 5 0.346), and He. sanguineus (X 2 5 18.2, n 5 10, P 5 0.25) did not respond to any stimuli. Among the four species showing significant responses, Ala elicited significant responses in all four (25th to 75th percentile ranges (mean wipes in two min), P. elephas: 1.3-18, Scyllarides spp.: 5.7-17, E. debelius: 3.4-6.3, C. tricolor: 1-4). Gly elicited significant responses in the three lobsters species tested (P. elephas: 1.3-17, Scyllarides spp.: 11-34, E. debelius: 3.2-13). Met elicited significant responses in P. elephas (.67-25) and Asp elicited significant responses in Scyllarides spp. (4.7-18). Glu did not elicit significant responses in any of the species tested in this study.
Types and Distribution of Setae in Tuft Region of Lateral Flagella
Putative asymmetric setae were identified in all but two of the species examined. However there is considerable variation in the position, size, and orientation. The macruran species, P. elephas, S. nodifer, Ho. americanus, and E. debelius possess asymmetric setae on the lateral side of the tuft region of the lateral flagella. In contrast, they are located on the medial side of the tuft region in the brachyuran, He. sanguineus, and the anomuran, Cl. tricolor. Neither Pa. pugio, nor Pr. clarkii appeared to have asymmetric setae.
Palaemonetes pugio.-Tuft setae consist only of aesthetascs and a single accompanying smooth seta per annulus (Fig. 2) . Two rows of aesthetascs, 4-6 per row, are present on each annulus. The simple seta flanks the lateral edge of the distal row of aesthetascs on each annulus and bears some resemblance to an asymmetric seta but projects laterally, away from the aesthetascs and is fairly thin and short relative to asymmetric setae in other species.
Palinurus elephas.-Tuft setae consist of aesthetascs, asymmetric setae, and a number of additional plumose and smooth setae (Fig. 3) . Two rows of aesthetascs, containing at least 10 per row, are present on each annulus. An asymmetric seta flanks the lateral edge of the proximal row of aesthetascs on each annulus and projects medially between the two rows of aesthetascs on the annulus. The width of the base of the asymmetric setae averages about 65% that of aesthetascs (AS 5 21 6 1.6 mm, N 5 5; AE 5 33 6 1.9 mm, N 5 6). Additional setae include both putative guard setae consisting of very large plumose and smooth setae, two per annulus, with each flanking both sides of the aesthetasc rows. Two to three smaller plumose or smooth setae are found next to each of the putative guard setae, much like the companion setae found in P. argus (Gleeson et al., 1993; Laverack, 1964) .
Scyllarides nodifer.-Tuft setae consist of aesthetascs, asymmetric setae, and a number of additional plumose and smooth setae (Fig. 4) . Two rows of aesthetascs, containing at least 10 per row, are present on each annulus. An asymmetric seta flanks the lateral edge of the distal row of aesthetascs on each annulus and projects medially between the proximal row of aesthetascs on the adjacent distal annulus and the distal row of aesthetascs on the same annulus. The width of the base of the asymmetric setae averages about 41% that of aesthetascs (AS 5 10 6 1.0 mm, N 5 4; AE 5 24 6 2.7 mm, N 5 5). Additional setae include both putative guard setae consisting of very large smooth setae, two per annulus, with each flanking both sides of the aesthetasc rows. On the lateral side two to three smaller plumose setae and on the medial side four smooth setae are found next to each of the putative guard setae. Weisbaum and Lavalli (2004) provide similar observations on antennular setae in three species of Scyllaridae including S. aequinoctialis and S. nodifer.
Enoplometopus debelius.-Tuft setae consist of aesthetascs, asymmetric setae, and additional smooth setae (Fig. 5) . Two rows of aesthetascs, containing approximately eight aesthetascs per row are present on each annulus. An asymmetric seta flanks the lateral edge of the distal row of aesthetascs on each annulus and projects between the two rows of aesthetascs on the annulus. The width of the base of the asymmetric setae averages about 25% that of aesthetascs (AS 5 5.5 6 0.17 mm, N 5 3; AE 5 22 6 1.8 mm, N 5 7). No putative guard setae are present. However, occasional small smooth setae (approximately one every other annulus) were present along the lateral edge of the tuft region. On the medial edge numerous (approximately 12 per annulus) long smooth setae are present aligned next to the distal row of aesthetascs on each annulus.
Homarus americanus.-Tuft setae consist of aesthetascs, asymmetric setae, and additional smooth setae (Fig. 6) . Two rows of aesthetascs, containing approximately 10 to 12 aesthetascs per row, are present on each annulus. An asymmetric seta flanks the lateral edge of the distal row of aesthetascs on each annulus and projects between rows of aesthetascs. The width of the base of the asymmetric setae averages about 43% that of aesthetascs (AS 5 9.6 6 2.0 mm, N 5 7; AE 5 22 6 3.0 mm, N 5 4). Additional setae include both putative guard setae consisting of very large smooth setae, usually two per annulus, with each flanking both sides of the aesthetasc rows. Occasional annuli have two to three of these large setae flanking each other. On the lateral side two to three smaller plumose setae and on the medial side four smooth setae are found next to each of the putative guard setae. Smaller companion-like setae are located next to guard setae on the occasional annulus. These results support observations made by Guenther and Atema (1998) .
Procambarus clarkii.-Tuft setae consist of aesthetascs and several smooth setae (Fig. 7) . Two rows of aesthetascs containing approximately two to three per row are present on each annulus. One to two smooth setae flank the medial edge of the distal row of aesthetascs on each annulus but do not pass between rows of aesthetascs. These setae were referred to as acuminate setae in the crayfish Orconectes propinquus (Girard, 1852) (Tierney et al., 1986) . The authors described three or more ''acuminate setae'' closely associated with the distal row of aesthetascs on each annulus.
Clibanarius tricolor.-Tuft setae consist of aesthetascs, asymmetric setae and smooth setae (Fig. 8) . Two rows of aesthetascs, containing approximately 10 per row, are present on each annulus. An asymmetric seta flanks the medial edge of the distal row of aesthetascs on each annulus and projects laterally between the proximal row of aesthetascs on the adjacent distal annulus and the distal row of aesthetascs on the same annulus. The width of the base of the asymmetric setae averages about 37% that of aesthetascs (AS 5 5.0 6 0.50 mm, N 5 5; AE 5 14 6 0.48 mm, N 5 4). Single smooth setae, alternating short and long, are present along the lateral edge of the tuft region. On the medial edge, a single smooth seta is found on every other annulus.
Hemigrapsus sanguineus.-Tuft setae consist of aesthetascs and asymmetric setae (Fig. 9) . Single rows of aesthetascs, containing approximately eight per annulus, are present on each annulus. The width of the base of the asymmetric setae averages about 34% that of aesthetascs (AS 5 4.4 6 0.62 mm, N 5 7; AE 5 10 6 0.45 mm, N 5 7). One to two asymmetric setae are located on the proximal border of each annulus adjacent to the third aesthetasc from the medial edge of the aesthetasc row and appear to project laterally. No other setae are associated with the tuft region.
DISCUSSION
The results of this study in which six macrurous species and two meiuran species were tested provide further evidence that chemically-mediated AGB is prevalent among the macrurans but not Meiura. In contrast to previous studies, involving four macruran species and one meiuran species (Barbato and Daniel, 1997; Daniel et al., 2001) , in this study we found that Glu was not the exclusive driving chemical stimulus for AGB, as other stimuli, such as Gly and Ala but not Glu, were found to be effective in the lobster species tested. Based on examination of lateral flagella by SEM and results of the AGB assays it appears that for the reptantian taxa examined in this and previous studies, chemically-mediated AGB and the presence of laterally-positioned asymmetric setae co-occur.
Antennular Grooming Behavior (AGB) Is Confined to Macrura
All species observed exhibited AGB; however, it was only chemically-mediated in Palinura -Panulirus argus (Barbato and Daniel, 1997) , P. interruptus (Daniel et al., 2001) , P. guttatus (Daniel et al., 2001) , P. elephas (this study), and Scyllarides spp. (this study) -and in two of three species tested from Astacidea -Ho. americanus (Daniel et al., 2001 ), E. debelius (this study) -but not the freshwater crayfish, Pr. clarkii. In contrast, species tested in this study from Meiura, Cl. tricolor and He. sanguineus, and in the previous study (Daniel et al., 2001) , C. sapidus, responded either weakly or not at all to chemical stimuli. The anomuran, Cl. tricolor, was the only meiuran that responded to a chemical stimulus, viz., Ala. This response was relatively weak compared to the other responses of the palinurans and astacideans in this study and previous studies (Daniel et al., 2001) . Clibanarius tricolor had a median response of only 2 wipes 3 min 21 (range: 0-7) towards Ala, while Ho. americanus, the marine lobster with the weakest significant response, had a median response of 6.5 wipes 3 min-1 to . Similar to the brachyuran tested previously (Daniel et al., 2001) , C. sapidus, He. sanguineus did not respond with AGB to any chemical stimulus. Finally, Pa. pugio, the non-reptantian decapod included as an out-group, did not show any significant response to the stimuli presented.
l-Glutamate (Glu) Not the Sole Chemical Stimulus
Mediating AGB
The present study shows that species in both Palinura and Astacidea respond to a number of chemical stimuli at 0.5 mM, none of which includes Glu: P. elephas (Ala, Gly, and Met), Scyllaridea spp. (Ala, Asp. and Gly), and E. debelius (Ala and Gly). This differs greatly from past investigations of lobster species in which P. argus, P. guttatus, P. interruptus, and Ho. americanus responded exclusively to Glu when presented at 0.5 mM (Barbato and Daniel, 1997; Daniel et al., 2001) . It is interesting to note that all three species of Panulirus tested in previous studies responded exclusively to Glu at 0.5 mM. This may indicate fine tuning towards Glu within the genus Panulirus. Lobster species in other genera, with the exception of Ho. americanus, were more broadly tuned. In one study (Barbato and Daniel, 1997) , P. argus was also tested with 5.0 mM concentrations of chemical stimuli. At the higher concentration, Gly and Met as well as Glu stimulated AGB. This indicates that chemically-mediated AGB in decapods, as a whole, is not exclusively driven by Glu and raises questions as to whether there is a pattern at all (although, interestingly all of the lobster species tested in the present study were responsive to Ala and Gly). Instead tuning characteristics may be associated with the concentration of stimuli or, perhaps, reflect phylogeny.
Chemically-Mediated AGB in Reptantia -Coincident with
Presence of Laterally-Positioned Asymmetric Setae
Most species examined in this study, with the exception of Pa. pugio and Pr. clarkii, possessed asymmetric setae, the sensilla providing chemosensory input mediating AGB (Schmidt and Derby, 2005) , positioned on either the lateral or medial side of the tuft region of the lateral flagella. There appears to be an association between the location of asymmetric setae and the elicitation of chemicallymediated AGB.
With the exception of P. clarkii, the lobster species tested for chemically-mediated AGB in this study and in previous studies (Barbato and Daniel, 1997; Daniel et al., 2001) where descriptions of antennular setae are available [E. debelius, Ho. americanus, P. elephas, Pr. clarkii, S. nodifer (present study); P. argus (Cate and Derby, 2001) ; Ho. americanus (Guenther and Atema, 1998) ; S. aequinoctialis, S. nodifer (Weisbaum and Lavalli, 2004) ], the asymmetric setae were positioned laterally. Panulirus guttatus and P. interruptus have not been examined for presence or absence of asymmetric setae, but because they share the same genus as P. argus, it is likely they also have lateral asymmetric setae. In contrast, in the anomuran and brachyuran species examined for AGB responses and asymmetric setae in this study (C. tricolor, H. sanguineus) and previously (C. sapidus, Gleeson, 1982; Daniel et al., 2001) , the asymmetric setae were positioned medially. Thus, it appears likely that chemically-mediated AGB requires asymmetric setae that are laterally-positioned because only species with laterally-positioned asymmetric setae exhibited AGB mediated by chemical stimuli.
In summary, asymmetric setae associated with chemically-mediated AGB have the following characteristics: 1) they are laterally-positioned, 2) there is one asymmetric seta per annulus, and 3) each seta passes obliquely between rows of aesthetascs. Other characters which may be indicative of chemosensory function include: 1) relatively long shafts, and, as Schmidt and Derby (2005) observe for P. argus, 2) a terminal pore allowing stimulus access to chemosensory neurons in the seta, and 3) two kinks along the length of the shaft, one near the base and one near the tip. We were unable to observe presence or absence of terminal pores in our study. Gleeson (1982) did not observe terminal pores on the asymmetric setae of C. sapidus. Our results do not support the final character -kinks in the shaft -as typical of species with chemically-mediated AGB. As noted previously in this study we did not prepare unobstructed views of asymmetric setae; however we have fairly clear views of the base of the setae. Among species with chemically-mediated AGB, E. debelius and Ho. americanus have a curve in the base of the asymmetric setae while S. nodifer and P. elephas do not.
Whether medially-or laterally-positioned, the presence of asymmetric setae passing between rows of aesthetascs indicates to us that the mechanosensory function of these setae as monitors of mechanical stress on aesthetascs may be present in both macruran and meiruan reptantians. Activation of AGB via mechano-sensation remains virtually unstudied. Only Snow (1973) reports mechanical activation in the anomuran, Pagurus alaskensis (Benedikt, 1892) . Finally, we propose that species without chemicallymediated AGB lack chemosensory innervation (perhaps indicated by the lack of a terminal pore) between the asymmetric setae, if present, and the LAN, the region of the brain driving the antennular grooming motor pattern (Sandeman and Mellon, 2002; Schmidt and Ache, 1996a; Schmidt and Derby, 2005; Schmidt et al., 1992) .
Phylogeny of Reptantian Decapods and Evolution of AGB
and Associated Asymmetric Setae
The phylogeny of Reptantia is a hotly contested topic. Fairly divergent phylogenies have been proposed based on either morphological (Dixon et al., 2003; Scholtz and Richter, 1995; Schram and Dixon, 2004) or molecular characters (Ayhong and O'Meally, 2004; Crandall et al., 2000; Porter et al., 2005; Tsang et al., 2008) . All phylogenies agree that the reptantians form a monophyletic clade. In contrast to the other phylogenies, Crandall et al. (2000) and Porter et al. (2005) proposed that Anomura and Brachyura are basal clades. Crandall et al. (2000) , Porter et al. (2005) , and Tsang et al. (2008) propose that the lobster and crayfish taxa form a monophyletic clade (includes Palinura and Astacidea) similar to the old taxon suborder ''Macrura Reptantia.'' The other phylogenies show the macrurans as paraphyletic. Dixon et al. (2003) , Scholtz and Richter (1995) and Tsang et al. (2008) propose that the Anomura and Brachyura are a monophyletic clade, Meiura.
For the present study, we use the phylogeny of Tsang et al. (2008) (Fig. 10) to describe the possible evolution of chemically-mediated AGB in Reptantia. This was an analysis of 64 species of Pleocyemata (Dendrobranchiata: five species, Natantia: nine species, Reptantia: 50 species) based on two highly conserved nuclear protein-coding genes, phosphoenolpyruvate and sodium potassium ATPase a-subunit. Among the various proposed phylogenies, the Tsang et al. (2008) proposal provides a platform for the most parsimonious explanation of the evolution of AGB. Chemically-mediated AGB, which is lacking in the one out-group species we tested, Pa. pugio, is found in eight of the nine species of Macrura tested, but it is either weakly present or absent in the three species of Meiura tested. Laterally-positioned asymmetric setae were present only in the macrurans (six of seven examined had this trait). Thus, we propose these are derived characters in this clade. The absence or loss of the behavior in Pr. clarkii, corresponds with the loss of asymmetric setae and a reduction in aesthetasc number, and may be causally related to the adaptation of crayfish to freshwater. Schmidt et al. (2006) have suggested that AGB is of little importance to the crayfish because of the much lower number of aesthetascs and their thicker cuticle, preventing leakage from the sensillar lymph of amino acids associated with epibiotic fouling. Medially-positioned asymmetric setae have thus far been found only in Meiura; therefore, we propose tentatively -due to the low number of meiruan species examined thus far -that this is a derived character in this group corresponding with the absence of chemicallymediated AGB, which we propose is the ancestral character in Reptantia. Tsang et al. (2008) resolved into both macruran and meiuran clades. Species tested in the present study and previous studies are listed under taxa in bold along with the observed AGB and asymmetric setae (Barbato and Daniel, 1997; Daniel et al., 2001) . Proposed evolution of AGB and asymmetric setae are also shown. lAS 5 laterally-positioned asymmetric setae, mAS 5 medially-positioned asymmetric setae, nAS 5 non asymmetric setae, cAGB 5 chemicallymediated AGB, ncAGB 5 no chemically-mediated AGB, nd 5 no data.
We have investigated species representing four of the six reptantian sub-groups. According to the phylogeny of Tsang et al. (2008) , studies of AGB and asymmetric setae in Polychelida and Thalassinidea may be particularly interesting. We would expect Polychelida to share chemically-mediated AGB and laterally-positioned asymmetric setae with the other macruran decapods. In the case of Thalassinidea, three families are grouped in the macruran clade and two in the meiuran clade (Tsang et al., 2008) . Whether this apparent polyphyly will be reflected in setal morphology and AGB remains to be seen.
Previous studies suggest that fine tuning of AGB to Glu exists in Palinura and Astacidea. If this is the case, it may have appeared after the evolution of chemically-mediated AGB in reptantians or independently in the Palinura and Astacidea. The only palinuran species tested in this study, which responded only to Glu, were members of the genus Panulirus. Because only three species of astacids have been tested (only one responds exclusively to Glu), inferences about the evolution of fine-tuning towards Glu in this taxon remain unresolved.
